Abstract Knowing the biodegradability characteristics of grey water constituents is imperative for a proper design and operation of a biological treatment system of grey water. This study characterizes the different COD fractions of dormitory grey water and investigates the effect of applying different conditions in the biodegradation test. The maximum aerobic and anaerobic biodegradability and conversion rate for the different COD fractions is determined. The results show that, on average, dormitory grey water COD fractions are 28% suspended, 32% colloidal and 40% dissolved. The studied factors incubation time, inoculum addition and temperature are influencing the determined biodegradability. The maximum biodegradability and biodegradation rate differ between different COD fractions, viz. COD ss , COD col and COD diss . The dissolved COD fraction is characterised by the lowest degradation rate, both for anaerobic and aerobic conditions. The maximum biodegradability for aerobic and anaerobic conditions is 86 and 70% respectively, whereas the first order conversion rate constant, k 20 , is 0.119 and 0.005 day -1 , respectively. The anaerobic and aerobic conversion rates in relation to temperature can be described by the Arrhenius relation, with temperature coefficients of 1.069 and 1.099, respectively.
COD col and COD diss . The dissolved COD fraction is characterised by the lowest degradation rate, both for anaerobic and aerobic conditions. The maximum biodegradability for aerobic and anaerobic conditions is 86 and 70% respectively, whereas the first order conversion rate constant, k 20 , is 0.119 and 0.005 day -1 , respectively. The anaerobic and aerobic conversion rates in relation to temperature can be described by the Arrhenius relation, with temperature coefficients of 1.069 and 1.099, respectively. 
Keywords

Introduction
Grey water is domestic wastewater without the input from toilets (Jefferson et al. 2004; Eriksson et al. 2002; Christova-Boal et al. 1995) , sometimes kitchen wastewater is excluded as well (Nolde et al. 1999) . Grey water constituents form 38%, and up to 71% of the COD of domestic wastewater when excluding and including kitchen wastewater respectively (Kujawa-Roeleveld and Zeeman 2006) . Different biological treatment processes have been investigated to stabilise grey water (Nolde 1999; Jefferson et al. 1999 Jefferson et al. , 2000 Jefferson et al. , 2001 Li et al. 2003; Friedler et al. 2005 Friedler et al. , 2006 Elmitwalli and Otterpohl 2007; Shin et al. 1998; Hernandez et al. 2007 Hernandez et al. , 2008 . Evaluation of treatment performances, of which biological processes, reveal that grey water constituent are partly recalcitrant (Jefferson et al. 2001) , slowly sometimes even non-biodegradable (Friedler et al. 2006 ). In addition grey water contains soluble organic matter with a low molecular weight; i.e. retained by a ''MWCO 200 Dalton membrane'' nano-filtration unit (Ramon et al. 2004) . Thus many researches have been directed towards the use of Membrane Biological Reactor (MBR) (Jefferson et al. 2000 (Jefferson et al. , 2001 Friedler et al. 2006) , and membrane chemical reactor (MCR) systems (Rivero et al. 2006; Winward et al. 2008) . The basic requirements to design and operate the biological processes are the amount of biodegradable organic matter and the rate of biodegradation at different temperatures. However, so far, little has been done concerning the biodegradability of grey water constituents, e.g. by Elmitwalli and Otterpohl (2007) and . Grey water biodegradation starts under anaerobic conditions within 2 days of storage (Dixon et al. 1999) . The biodegradable fraction of grey water constituents, measured as COD, is 74 ± 4% (Elmitwalli and Otterpohl 2007 ) and 72 ± 12% under anaerobic conditions and is about 84 ± 5% under aerobic conditions . Literature results show that the ratio of BOD 5 to COD is low and varies from 0.25 to 0.64 (Jefferson et al. 1999; and compiled from Friedler et al. 2005, 2006; Winward et al. 2008 ). Surfactants such as LAS, Alcohol sulfates, SLS, APE and DEEDMAC are common grey water constituents and their biodegradability differ between aerobic and/or anaerobic conditions (Berna et al. 1999) .
In general, biodegradability results are influenced by the test conditions such as the initial concentration, the incubation time, the used inoculum, and the temperature (Angelidaki and Sanders 2004; Metcalf and Eddy 2003) . The effect of these test conditions on the biodegradation of grey water has not been investigated therefore the biodegradability results cannot be evaluated and generalized. Thus this paper characterizes combined grey water from shower, hand washbasins and laundry in terms of COD of the different particle size fractions and studies the aerobic and anaerobic biodegradability of the grey water. To do this, experiments and tests were done to investigate the factors influencing the biodegradability percentage and conversion rate of the grey water under anaerobic and aerobic conditions. Maximum biodegradability and biodegradation rates of various grey water fractions were determined and the effect of temperature on the biodegradation rates of grey water was established.
Methodology
Grey water source and sampling
The source of the grey water used for this study, as in Abu Ghunmi et al. ( , 2010 , was the waste streams of shower, laundry and washbasins discharged into a single outlet pipe of a 150-female dormitory at the Jordan university campus. As described in Abu Ghunmi et al. (2010) the outlet pipe was retrofitted so that it discharged the wastewater, 7 m 3 , directly into the pilot plant. An Auto-sampler collected daily composite samples from the inlet pipe of the pilot plant. The auto-sampler (ISCO, 6712), consisting of 24 1-l bottles, was programmed to withdraw every 15 min 250 ml of grey water; for maximum frequency and volume in collecting grey water. For analysis a daily composite sample was prepared on-site, by mixing the content of the 24 bottles in one container of which 3 l was taken for analysis, performed on the same day. In this way 60 composite grey water samples were collected and analysed over a period of 2 years.
Preparation of grey water samples, inoculum, nutrient and buffer solutions for batch tests Grey water sample preparation entailed 3 l per day of fresh grey water composite samples of which 2 l were filtered through Whatman No. 40 filter paper (8 lm). One litre of the latter filtrate was filtered through Whatman No. 42 filter paper (2.5 lm) and then through 0.45 lm membrane filters. The aerobic inoculum consisted of the effluent of the activated sludge units of the Abu-Nussier domestic wastewater treatment plant. 1 l fresh activated sludge effluent was collected and filtered through Whatman No. 40 filter paper and the filtered liquid was used as inoculum. Anaerobic inoculum was taken from a 1.4 m 3 UASB-pilot plant at the Abu-Nussier domestic wastewater treatment plant. 1 l anaerobic flocculent sludge was collected from the bottom, middle and upper taps; the sludge from the three taps were mixed together and then analyzed for VSS. The minimum COD to VSS, feed/sludge, ratio applied in the anaerobic biodegradability tests was 0.5 (Analysis manuals; Sub-Department of Environmental Technology, Wageningen University).
Different solutions were prepared and used within the research. A 300 mg COD l -1 glucose solution was prepared with distilled water. A 10 mM phosphate buffer solution was prepared. The supplied micronutrient solution (Alphenaar 1994) MgSO 4 Á7H 2 O in demineralised water.
Biodegradability experiments
The biodegradability experiments were conducted to investigate the following aspects: the percentage biodegradable matter, the biodegradation rate constant k, and the factors affecting the biodegradation process. A total of 54 fresh composite samples were used to perform 98 tests i.e. 54 aerobic and 44 anaerobic tests (Table 1 ). The investigated variables were inoculum addition, incubation time, temperature and the COD fractions of the grey water. The biodegradability was identified by measuring BOD, CH 4 -COD, or COD mineralized fraction. The biodegradation rate constant (k) was calculated.
Tests setups
Biodegradability tests were performed in 510 ml bottles, filled with test medium 250 ml for aerobic and 300 ml for anaerobic conditions. The liquid volume of the aerobic test was chosen for sufficient headspace for oxygen availability according to APHA (1995) . The tested samples were 100% grey water, 66% and 50% grey water diluted with distilled water, 2.5 lm paper filtered grey water, membrane filtered grey water, and glucose solution as a reference. Tests without inoculum were fed with 248 ml grey water sample for the aerobic tests and 288 ml for the anaerobic tests. Tests with inoculum were fed with 228 ml sample and 20 ml inoculum for the aerobic tests and 268 ml sample and 20 ml inoculum for the anaerobic tests. Micronutrients and macronutrient, each 1 ml, were added to all bottles in each test, and for the anaerobic tests 10 ml of 10 mM phosphate buffer was added. The tests were conducted in duplicate according to the setup in Table 1 . Additionally for each test a blank was included where distilled water replaced the grey water sample.
The gas phase of the anaerobic bottles was flushed for 5 min with nitrogen gas to create anaerobic conditions. Soda lime pellets were added in the gas phase to aerobic and anaerobic bottles to adsorb CO 2 . Aerobic bottles were re-aerated for 5 min after 28 days and the soda lime was checked to be active by testing the change in its colour. If the test was continued, re-aeration was applied every 10 days until the test finished. The anaerobic bottles were checked for the consumption of soda lime pellets after 30 days and re-checked every 30 days until the test finished. During the test period the pressure was released when the maximum pressure capacity of the barometric heads (Oxitop Ò , WTW GmbH, Weilheim, Germany) was reached. Both in the aerobic and anaerobic tests the soda lime pellets did not require replacement. The activity of anaerobic and aerobic inocula was tested with glucose as carbon source. The tests were performed in the same manner as the biodegradability tests with inoculum. Instead of grey water, 300 mg COD l -1 glucose solution was used. To control the effect of use soda pellets for CO 2 removal, on the measured conversion rate, anaerobic batch experiments with and without pellets were conducted. For testing this, anaerobic granular sludge was used with sufficient methangenic activity and a substrate concentration of 300 mg glucose COD l -1 , no effect of soda pellets was observed on the conversion rate.
Analysis
The COD was measured of each sample fraction according to the standard methods (APHA 1995) at the beginning and also at the end of the experiments if inoculum was not added. Pressure monitoring was 
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Calculations
Grey water characteristics
Grey water constituents are categorized into COD fractions (COD fraction ) being total (COD tot ), suspended solids (COD ss ), colloidal (COD col ) and dissolved (COD dis ). The COD ss is the difference between the COD of the total and of 2.5 lm paper filtered (No. 42 Whatman filter paper) grey water; the difference between the COD of the 2.5 lm paper filtered and membrane filtered (0.45 lm membrane filter paper) grey water is COD col . The COD of the filtrate of the membrane filtration is COD dis . The same principle is applied for characterizing the grey water in terms of BOD.
Biodegradability characteristics
The biodegradability is expressed in terms of the mineralized fraction (COD), biochemical oxygen demand (BOD) and biological methane potential (BMP). The biodegradation rate is expressed as oxygen consumption (BOD) rate and methane production rate. Table 2 were used to calculate the mineralized-COD fraction of the total, suspended, colloidal and dissolved components.
Mineralized fraction Equations 1-4 in
The particle size is expected to decrease during degradation. However, an increase in particle size may occur, owing to flocculation, cell yield and coagulation. In order to calculate the mineralization over time of a particle size fraction that was present at the start of the experiment, the calculated value needs to be corrected for the amount of produced particles over that time period. For instance, at time = 0 the amount of COD ss is given by A 1 -A 2 in Eq. 2, Table 2 , whereas at time = t the remaining amount of COD originating from COD ss (t = 0) is given by B 1 -C 1 in Eq. 2, Table 2 . The result of Eqs. 1-4 will thus be the percentage of COD mineralization only.
BOD and BMP calculations The pressure decrease DP was used to calculate the moles per litre of sample of O 2 consumption (BOD) and the pressure increase DP to calculate the CH 4 production (BMP) in moles per litre of sample using the ideal gas law given in Eq. 5.
where DP the measured pressure change (kPa), V the bottle head-space volume (l), R the gas constant (8.314 J K -1 mol -1 ), T the temperature (K) and v is the sample volume (l). The calculated moles per litre of sample were then converted into mg O 2 per litre of sample.
Biodegradation rate constants Aerobic and anaerobic first order biodegradation rate constants (k) of the grey water fractions are calculated using Eq. 6 (Metcalf and Eddy 2003) and 7, respectively. A3 100 (4) The COD is derived from measurements of the COD of the liquid phase and the tests are conducted without inoculum and soda lime pellets * total is the non-filtrated sample Biodegradation (2011) 22:163-174 167
where BOD fra-t is BOD tot-t , BOD ss-t , BOD col-t or BOD dis-t at time = t. BOD U-fra is the ultimate BOD fra (mg l -1 ) and k (day -1 ) the kinetic rate constant. Both BOD U-fra and k are derived from the curve calculated with the Microsoft Excel solver function.
Where CH 4 -COD refers to methane production; CH 4 -COD fra-t is CH 4 -COD tot-t , CH 4 -COD ss-t , CH 4 -COD col-t or CH 4 -COD dis-t , at time = t. BMP fra biological methane potential refers to the maximum CH 4 -COD fra (mg l -1 ) and k the kinetic rate constant (day -1 ). Both BMP fra and k are derived from the curve calculated with the Microsoft Excel solver function.
Temperature impact on rate constant (k) measured by (h) Equation 8 is derived from the Van't HoffArrhenius relationship (Metcalf and Eddy 2003), and
h is the exponential of the slope ln(h).
Where k T 1 and k T 2 are the kinetic rate constants (day -1 ) at T 1 and T 2 respectively, T the temperature, in the range 20-35°C, and h the temperature coefficient. Values of k are calculated from Eqs. 6 and 7.
Reactor design To study the implication of biodegradability experiments results on the reactor design Eq. 9 is derived, based on mass balance; assuming CSTR, steady state conditions and first order kinetics, is applied to calculate the digestion time (SRT) required in a CSTR, assuming steady state, to digest grey water total pollutants for aerobic and suspended for anaerobic treatment.
Where SRT is the sludge retention time (days), k the kinetic rate constant (day -1 ) of the total or suspended samples (k tot ), C 0 the initial and C t the concentration of digestible substrate at SRT = t (mg COD tot l -1 ).
Results and discussion
The characteristics of grey water from the dormitory at Jordan university campus are summarized in Tables (3, 4, 5) and Fig. 1 . The concentration of the different fractions is presented in Table 3 . The effect of applying different conditions in the biodegradation test is shown in Fig. 1 . The maximum biodegradability is reported in Table 4 , and the bioconversion rate constant and the temperature impact on the rate in Table 5 .
Grey water characteristics
The investigated grey water consisted of combined wastewater from laundry, shower and hand washbasins. The pollutants of these wastewaters include detergents and components washed from humans and/or textile. The results showed that the COD of the paper filtrates 8 lm and 2.5 lm are similar. Table 3 , therefore, gives the COD of the total grey water and the suspended solids, colloidal and soluble percentage of the grey water.
The COD of Jordanian dormitory grey water, as measured in this study, is less than half of the concentrations reported for grey water measured by Elmitwalli and Otterpohl (2007) and Hernandez et al. (2008) (Table 3 ). The likely reason for this is that the dormitory grey water used in this study is a combination of shower, laundry and washbasin streams, whereas the wastewater sources of the other two studies include the kitchen stream. The kitchen wastewater is the most concentrated stream in terms of COD and has the highest content of suspended solids (Abu ).
Biodegradability characteristics
Influencing factors
The biodegradability of grey water is affected by the inoculum addition, applied incubation time and temperature (Fig. 1) . The addition of inoculum has, at a degradation time of 28 days, a positive effect on both BOD 28-20°C and CH 4 -COD 28-35°C production (Fig. 1a) . This is attributed to the lack of initial natural microbial activity in the grey water, which is insufficient in a period of 28 days compared to tests where inoculum has been added. However, when the incubation time of the mineralization tests without inoculum is extended, the amount of mineralized COD increases (Fig. 1b) . Theoretically, not adding inoculum has no influence at infinite time scales because ultimately the few microorganisms present in the grey water will multiply and have ample time to degrade all substrate. In practice, however, shorter time scales are relevant and adding adapted inoculum will accelerate the degradation process. The effect of increasing temperature on the biodegradation is, like adding inoculum, an increase in BOD 5 and CH 4 -COD 28 production caused by microbial activity that accelerates with rising temperature (Fig. 1c) .
Biodegradability
The biodegradability measured as COD mineralized amount, BOD and/or CH 4 -COD varies largely with inoculation, temperature and degradation time as shown in Fig. 1 . Finding the Ultimate BOD (BOD U ) and maximum CH 4 -COD i.e. Biological methane potential (BMP) minimizes these variations to a single value. Figure 2a and b show the cumulative oxygen consumption (BOD) and methane production (CH 4 -COD) versus time of the grey water. The maximum biodegradation is reached where the lines level horizontally. In Table 4 the BOD U and BMP are given as percentage of the influent COD. For aerobic biodegradability: The BOD U /COD tot represents the maximum biodegradable percentage, 82%, of dormitory grey water pollutants. Comparing BOD U /COD tot with mineralized-COD after 28 days and after 60 days, in Table 4 , approves for measuring and getting single value for grey water biodegradability, within a reasonable period of time adding seed is a must. For anaerobic biodegradability: the BMP/ COD tot represents the maximum biodegradable percentage, 57%, of dormitory grey water pollutants. BMP/COD tot is slightly lower than the mineralized-COD fraction after 160 days anaerobic incubation. The reasons could be that the mineralization on the basis of COD can be overestimated when substrate adsorbs over time to the bottle walls, such as lipids (Sanders 2001) , and is not sampled for the determination of the end COD. Furthermore, measuring anaerobic biodegradation by means of pressure monitoring in the presence of soda lime pellets to exclude CO 2 might affect ''reduce'' the biodegradable fraction, this negative effect might be due to an increase of the pH (Pabon et al. in prep) . However, the pH, in this study, did not change between the starting, 7.5 ± 0.5, and the end, 7.2 ± 0.5, of the experiments viz. 98 days. Moreover, when testing the pressure development on glucose (this study, results not presented), for 3 days, at 300 and 1,200 mg COD l -1 with and without soda lime pellets the pH remained within (6.5-7.5) favourable operation limits or did not change at all.
In Table 4 mineralization of total grey water and the fractions is shown. Under aerobic and anaerobic conditions the conversion percentages of the colloidal (col) and dissolved (dis) fractions are significantly higher (t values [2) than the conversion percentage of the suspended (ss) fraction.
The BOD 5 /COD ratios of 43 ± 4, found in this study for a temperature of 20°C are within the range found in literature of 25-64% (Jefferson et al. 1999; Friedler et al. 2005 Friedler et al. , 2006 Winward et al. 2008) . The anaerobic biodegradability values found in this study, where kitchen wastewater is excluded, for the different COD 160-days fractions (Table 4) are lower than the values reported by Elmitwalli and Otterpohl (2007) ; where kitchen wastewater is included. The anaerobic biodegradability values are 74% for total grey water, 70% for suspended solids, 84% for colloidal matter and 70% for the dissolved fraction.
Biodegradation rate
The amount of biodegradable matter digested in a certain period of time, which is linked to the kinetic rate constants (k), varies with the inoculum addition and temperature (Fig. 1a and c) . To minimize the variation in the measured values of k, the mineralization process should not be limited by inoculum availability, but only by the nature of the organic matter. Figure 3a and b show that the oxygen consumed (BOD) or methane produced (BMP-COD) versus time is apparently not limited by the biomass availability. As at different dilutions of grey water the amount of oxygen consumed or methane produced (mg) versus time was inversely proportional to the dilution. Furthermore, the degradation rate of grey water was compared to a reference sample containing glucose, easy biodegradable compound, as carbon source under the same conditions. The results show grey water biodegradation rate (Table 5) was 49 slower aerobically (k tot-25 ) and 129 slower anaerobically (k tot-30 ) than with the glucose. Thus the grey water biodegradation rate is apparently limited by the chemical nature of its constituents.
The overall aerobic grey water biodegradation rate (k tot ) is higher than the anaerobic rate, for instance, at 20°C the aerobic rate is 24 times higher than the Fig. 3 a BOD for 100, 66 and 50% and b CH 4 -COD production for 100, and 50% grey water sample in water versus time, with glucose as a reference. The degradation tests were performed with inoculums and soda lime pellets at 25°C for aerobic and 30°C for anaerobic conditions. The predicted values were calculated for the aerobic tests using equation 4.6 and for anaerobic tests equation 4.7 anaerobic rate (Table 4) . Meanwhile both the aerobic and anaerobic rates are lower than the aerobic biodegradation rate of domestic wastewater (k 20°C 0.23 day -1 ) (Metcalf and Eddy 2003) . Grey water aerobic and anaerobic biodegradation rates can be described by first order kinetics ( Figs. 2a and b; 3a  and b) . The different COD fractions in grey water are degraded at different rates ( Fig. 2a and b ; Table 5 ). The dissolved fraction is biodegraded at the lowest rate, both for aerobic and anaerobic conditions (Table 5 ). The increase in temperature from 20 to 35°C results in an exponential increase in the rate constants values (k) (Fig. 4a and b ), which can be described via an Arrhenius relation, with an Arrhenius coefficient h 20-35 of 1.069 for aerobic and 1.099 for anaerobic conditions.
Features of grey water biological processes
Designing biological processes for treatment of grey water, the parameters of concern are sludge retention time (SRT) and the temperature. In the winter time when the temperature in the reactor drops from 25 to 20°C the biodegradation rates show a 1.59 and 1.69 reduction for aerobic and anaerobic degradation, respectively (Table 5 ). The sludge retention should be sufficient to provide enough stabilisation time, and the reactor should be designed for 20°C.
The anaerobic conversion of COD ss and aerobic conversion COD tot as a function of time at 20°C were calculated, using Eq. 9, and depicted in Fig. 5 . It shows that long an SRT is required to treat grey water, both anaerobically and aerobically. For example, for 60% The two small inset drawings zoom in the scale from 0.0 to 0.6 to depict the trends digestibility COD ss requires 90 days SRT anaerobically and COD tot requires 12.6 days SRT aerobically. As a consequence, a reasonable treatment in terms of time and volume requires that the applied unit should have the capacity to trap pollutants in a short hydraulic retention time (HRT), while also maintaining a sufficient SRT for treatment. For example, Elmitwalli and Otterpohl (2007) treated grey water in an UASB at an HRT of 6, 10 and 16 h, and at minimum SRT of 27, 64, and 93 days respectively, the COD ss removal efficiencies were 68 ± 17, 79 ± 8 and 83 ± 5% respectively.
Conclusions
Grey water, including laundry, hand washbasin and shower wastewater, is characterised by a suspended, colloidal and dissolved COD fraction of respectively 28, 32 and 40%. Incubation time, inoculum addition, and temperature affect the aerobic and anaerobic biodegradability results.
The maximum biodegradability of the suspended COD fraction in grey water is lowest in comparison with the colloidal and dissolved fraction.
The biodegradation of grey water and the 3 distinguished COD fractions can be described with first order kinetics.
The dissolved COD fraction of domestic wastewater is degraded at the lowest rate.
Grey water aerobic and anaerobic treatment, at 20°C, needs long SRT; for instance 12.6 days to remove 60% of COD ss aerobically, and 90 days to remove 60% COD tot anaerobically.
